In the increasing need for energy saving worldwide, the designing process of turbomachinery, as an essential part of thermal and hydroenergy systems, goes in
Introduction
Hydraulic turbomachinery is a group of widely used machines, operating independently or as a part of a larger system (such as in thermal power plants or water supply systems), greatly influencing the system energy efficiency. Due to its large use in many different and important energy systems, it is of greatest importance in designing turbomachinery in order to operate with the highest possible efficiency. In other words, the optimal design of turbomachinery affects energy utilization and energy efficiency of the machine and the system in which the machine is built.
Due to complex geometry and calculation procedure, which is partly based on empirical data, the turbomachinery designing procedure usually requires creating several turbomachinery models, in order to conduct laboratory testing of designed operating parameters. This approach requires a lot of time and funds for testing the machine model following every major correction. This paper presents a different approach, based on numerical simulation results, reducing the time and modeling costs, with strong influence on the machine energy efficiency.
In the course of determination of blade profiles for turbomachinery impellers and guide vanes, a model of axisymmetric fluid flows is commonly used, even though this model suits the profile cascades with infinite number of infinitely thin blades [14] . By averaging flow velocities according to circular coordinate, a flow in the real turbomachinery impeller is derived into a flow in the fictive impeller, which has an infinite number of infinitely thin blades, and where the fictive impeller achieves the same flow declination as the real turbomachine impeller.
Using numerical simulations of flow in a designed turbomachine, its operating parameters can be preliminarily determined, and all flow parameters can be calculated in discrete points inside the flow domain (impeller). According to numerical results, it is possible to determine averaged flow parameters and the geometrical parameters of flow surfaces, which simulate the effect of fictive impeller with infinite number of infinitely thin blades.
In technical practice, it is very important to determine meridian streamlines, by using the integral continuity equation for averaged flow parameters, because the designer can compare these meridian streamlines with chosen meridian streamlines (meridian traces of axisymmetric flow surfaces), which are obtained in the designing process of blade profiling. After determination of meridian streamlines, it is possible to determine the disposition of specific work along meridian streamlines and, therefore, the designer of a turbomachine can compare these specific works with specific works of elementary stages, which are already chosen in the process of blade profiling.
The determination of geometrical parameters of a fictive turbomachinery impeller with an infinite number of infinitely thin blades, and determination of its meridian streamlines is not of crucial importance for turbomachinery designers, therefore, in this paper, this problem will be treated only theoretically.
Numerical simulations of flow in a turbomachine impeller were performed using Ansys CFX, which can be considered as one of the leading commercial pieces of CFD software. This software allows comprehensive post-processing analysis, resulting in calculation of every flow parameter in every discrete point of flow domain.
Numerical simulations of flow in turbomachinery
During the last decade, Computational Fluid Dynamics (CFD) has become a significant tool for turbomachinery designing and investigation [4, 5] . The development and constant improvement of CFD codes enables obtaining reliable numerical results. The numerical simulations of fluid flow in the turbomachinery were carried out using the ANSYS CFX software. This software includes the so-called turbo-mode, which is a specially designed mode developed for numerical simulation of all kinds of turbomachinery. This is a few steps S649 pre-processing procedure, beginning from defining the geometry model and generating its discretization mesh, i. e. creating the boundaries of flow domain. The next pre-processing step implies defining all physical and numerical parameters, necessary for the numerical procedure, such as fluid property, turbulence models, boundary condition values, and other parameters. After that, the numerical resolving of governing equations (Reynolds Averaged Navies-Stokes Equations, or RANS) has to be performed, using the finite volume method, which allows numerical solving of discretized partial differential equations over entire control volumes of a defined fluid domain. Results of numerical (iterative) procedure are an approximation of each variable value over the entire domain. The results can be calculated and represented in various ways: as calculated value in discrete points in the domain, functional graphs, tables, as visualization of streamlines and vector or scalar fields, etc. Thus obtained results representation is very useful in technical practice, and it has become an important part of turbomachinery designing and investigating procedure.
This paper investigates an axial flow pump 2PP30 produced in the Pump factory Jastrebac, Niš, which operates with n = 1450 min -1 = 24,167 s -1 [5] . This pump is designed to operate as a part of cooling system of thermal power plants, therefore, the pump efficiency influences the energy efficiency of the overall system. The axial pump represents a complex geometry, consisting of a suction bell, a pump impeller (with 4 blades), guide vanes and a diffuser, shown in Fig. 1 . Considering the pump size and its symmetry, as well as the available computational resources, a numerical simulation of one quarter of the pump (one impeller blade and blade passage around) was performed. The discretization mesh is nonuniform, consisting of approximately 250,000 nodes and 1,000,000 elements. Mesh elements are mainly tetrahedral, with prismatic elements along blades and guide vanes solid surfaces. The pump impeller consists of 55,000 nodes and 261,000 elements, showing that the higher density mesh is created in the area of pump blade and guide vanes, while the suction bell and diffuser have much coarser mesh density. As it is common practice for numerical simulations of flow in tubomachinery, the standard k-ε turbulence model was used [6, 7] .
Interpolation of values from the cell center to the cell faces were accomplished using the high-resolution scheme. Numerical simulations convergence criteria were that the root mean square values of the equation residuals were lower than 10 -5 . Numerical simulations for different flow regimes were carried out, and, as a result, the operating characteristics of the investigated axial pump were obtained. For the purpose of numerical model validation, the numerically obtained pump operating diagram was compared to the experimentally obtained operating diagram, as shown in Fig. 2 . The average result deviation was less than 2,5%. For nominal flow regime (Q=360 l/s and maximal efficiency), the numerically obtained pump head had a very small deviation of only 1,1%. The maximal deviation of numerical results (4,5%) was acquired for maximal investigated flow rate (Q=400 l/s) and lowest efficiency. For further analysis, the numerical simulation results for nominal (optimal) flow regime, Q=360 l/s, were used. The flow through the pump impeller, i. e. the flow through the one blade passage, was investigated. Numerically calculated values of all flow parameters in discrete points of the impeller enabled obtaining averaged flow surfaces and averaged streamlines in the pump impeller. This could lead pump designers to a clear conclusion if one of the basic designing assumptions was fulfilled, and it is the question of flow surfaces axisymmetry in the pump impeller. If the deviation of actual and axysimmetrical flow surfaces is large, it is the indicator for making necessary changes in pump design.
Averaging of flow parameters according to circular coordinate
The flow in the rotating turbomachine impeller was observed in relation to the curvilinear orthogonal coordinate system in which the coordinate surfaces were: q 3 =const. -meridian planes (planes passing through the axis of the rotating impeller), q 2 =const. -axisymmetric surfaces approximate to averaged flow surfaces and q 1 =const. -axisymmetric surfaces perpendicular to q 3 =const. and q 2 =const.
Since the vectors [v 1 , v 2 ] direction and rotv  direction depended on the coordinate system orientation, the right (positive) coordinate system was used, therefore, the direction of circumferential coordinate q 3 ( 3 o e  ) did not need to follow the direction of the impeller rotation. 
Equation ( According to the cosinus theorem, for velocity triangle, there is a relationship: The averaging of a scalar function 1 2 3 ( ) f q ,q ,q according to circumferential coordinate 3 q can be obtained using formula:
Circumferential coordinate line 3 3 3 q L q r   passes through the point M(q 1 ,q 2 ) in meridian cross-section of pump impeller (Fig.3) , where (2) can be transformed into the form:
where:
Denoting "l" as the suction and "g" as the pressure side of the blade, as it is shown in Fig. 3 , notation "a" and "b", used in eq. (2) and eq. (2'), can be replaced with indexes "l" and "g", and, therefore: 3 3 = , = for respectively = , = for
Averaging interval in eq. (2') is a circular arc in the blade passage, thus the From the averaging formula (2) the following expressions can be derived:
 
Equations (3) and (4) e u     ( a=l, b=g ):
and
The difference between formulas (5) and (6) appears due to the different sign of value 3 a,b ( ) n in the coordinate system where
 . Note that blade profile shapes in these cases are not the same (Fig.4b) . Due to eq. (5) and eq. (6), formula (4) can be derived into the form:
where  
According to eq. (3) and eq. 3  3  33  3  33  3   3  3  3  3  3  3  3  3   3  3  3  3  3  3  3  3 1 q ,q ,q on the blade surfaces in the blade passage). 
Values grad , div f v    and rotv  are caused by blade effect on averaged flow. In the flow space without blades, these values are equal to zero.
Averaging of flow equations
Flow in the hydraulic turbomachinery impellers is extremely turbulent, therefore, kinematic characteristics of flow obtained by calculations for inviscous fluids are in good agreement with kinematic characteristics of real mean (time averaged) turbulent flow. Nominal operating regimes (operating with maximal efficiency), or regimes close to nominal, are considered here.
For this reason, not just for the methodological purpose, to describe the steady flow in hydraulic turbomachinery, the flow equation for inviscous fluid joins the continuity equation ( div 0 w   ), and if the gravitational influence is neglected, it can be written in the form: In the turbomachine impeller inlet, which is placed in front of the blade cascade, there is a relationship between Bernoulli's integrals for relative (E o ) and absolute (G o ) fluid flow:
where notation "o" defines the flow and geometrical parameters on the control surface that defines the inlet area into the operating space of the turbomachine. In the circular coordinate averaged continuity equation div 0 w   , according to equation (8) , can be written as follows:
According to inviscous fluid flow model, blade surfaces are flow surfaces ( n w    ), therefore, the second element on the left side of equation is equal to zero, and averaged equation becomes:
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where 1 (9) can be written in the form:
Given the formulas (8) for rotc  and gradE , and the fact that c w
where
are results of averaging, and can be treated as mass force of blades acting on the averaged flow. The force F  (3) is much smaller than F  (1) [8] . If components of velocity w  changes linearly over the circumferential coordinate q 3 , it can be easily proven (for radial and axial turbo pumps) that components of the force F  (3) are many times smaller than components of the force F  (1) , thus the effect of the force F  (3) can be disregarded. For inviscous flow, F  (3) = 0, and according to reference [8] , this force can also be disregarded. Since forces F  (1) and F  (2) are determined according to numerical simulations results, which take into account the flow viscosity, the force F  (2) may not be negligible compared to F  (1) . Thus, in the following text applies: 2) , and the equation (13) becomes:
According to equation (13'), components of force F  , are: 2  1  2  1  2  1  2  3  1  1  2  2  3  3 and
where 
where sign " " corresponds to Starting from the averaged flow equation (14), for inviscous fluid ( F  = F  (3) ), and taking into account the influence of viscosity using the equation (17) [7] , the general equation of averaged flow in turbomachinery impellers is derived into the form:
General equation of averaged axisymmetric flow in turbomachinery impeller
where, u 
where, 1
is the curvature of streamline S 1 , and 2
2
(=1/R ) K is the curvature of streamline S 2 . 
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which flow parameters in the blade passage were numerically obtained) were evenly distributed. The number of points used in the procedure of averaging can be larger than ten, but it was shown that the larger number of points does not significantly influence the obtained results of averaging. Meridian streamlines of averaged flow are denoted with S 2 , S 3 , … S 10 , and they are obtained using the integral continuity equation, while S 1 and S 11 are boundary meridian streamlines ( fig. 8) .
In the pump inlet, c u1 =0, thus the specific work of elementary stage is 
, which is in proportion to the specific works of elementary stages, is also given in fig. 8 ., showing the unequal distribution of specific work of elementary stages [9, 10] .
Conclusions
Using numerical simulations of flow in a designed hydraulic turbomachine, the designer can preliminary estimate the quality of the designed turbomachine, before even the model or prototype of the machine is produced. The numerical simulation itself cannot directly answer two very important questions related to the turbomachinery designing procedure: the designer cannot compare the axisymmetric flow surfaces and the specific work of elementary stages, which were used in the designing procedure of profiling the impeller blades. The answers to these important questions can be given by using the method of averaging of numerically obtained results of flow parameters according to the circular coordinate and by determining averaged flow surfaces, obtained using the integral continuity equation. The methodology of the averaging principles and obtained results for one concrete example of axial-flow pump was fully presented in the paper.
The importance of the presented designing procedure lies in saving time and funds during the turbomachinery designing and manufacturing. Last, but not the least, the proper designing of any turbomachinery strongly affects machine energy efficiency and energy efficiency of the system in which this machine is built. Therefore, numerical simulations of flow in designed turbomachinery and determination of averaged axisymmetric flow surfaces were perform in order to obtain better machine efficiency and increase energy efficiency.
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